Introduction
Multienzyme complexes allow for a tighter regulation and more rapid and efficient response to changes in equilibrium between substrate supply and demand than would the individual enzymes. examples of such complexes are those formed by lysosomal hydrolases that are responsible for the coordinated degradation of glycosphingolipids, glycosaminoglycans, oligosaccharides, and glycoproteins. while not all lysosomal enzymes require accessory proteins or co-factors to recognize and hydrolyze their target substrates, several of them work exclusively in complexes of two or more proteins. In addition, auxiliary, non-catalytic proteins may be part of such complexes and function as activators, cofactors, stabilizers, substrate sensors, or substrate binders. enzyme complexes act in specific metabolic/catabolic pathways, where each enzyme takes the product of the previous enzyme as substrate, and may be regulated by the levels of the substrate and/or the demand of the end product. An example of such complexes is the one composed of the two glycosidases, neuraminidase 1 (NeU1) and β-galactosidase (β-GAL), and of the serine carboxypeptidase, protective protein/cathepsin A (PPCA) [1] . The dynamic and regulated interplay among these three enzymes, either in complex or alone, favors the acquisition of an optimal composition to meet the metabolic or catabolic needs of individual cell types in different tissues and organs.
Hydrolytic composition of a prototypical lysosomal multienzyme complex evidence for the existence of this high-molecular-weight (>1,000 kDa) lysosomal multienzyme complex (LMC) came from genetic and biochemical studies dating back to the early 1980s [1, 2] . These and later studies established the three-enzyme composition of the LMC and identified PPCA as the scaffold without which the complex is not formed [3, 4] . Although the enzyme N-acetylgalactosamine-6-sulfate sulfatase (GALNS) was found to be part of this complex in one study [5] , it is still unclear whether its activity and function depend on its interaction with any of the other partners. Therefore, in this review we will focus solely on the core components of the LMC, PPCA, NeU1, and β-GAL, as well as a catalytically inactive shorter variant of the latter enzyme, the elastin-binding protein (eBP) (see Table 1 ).
NeU1 and β-GAL are the first two enzymes in the sequential removal of sugar nucleotides from O-linked-or complex N-linked glycoconjugates starting at their terminal, non-reducing end. NeU1 is active toward sialoglycoconjugates, primarily sialoglycoproteins and sialoglycopeptides, and β-GAL has a preference for GM1-ganglioside (G M1 ) and keratan sulfate. Further degradation of the oligosaccharide side chains requires the orderly action of β-Nacetylhexosaminidase, β-mannosidase, α-mannosidase, and α-fucosidase. However, there is no experimental evidence for the association of these enzymes with the LMC. we speculate that the cathepsin A activity of PPCA targets the protein side of glycoprotein substrates while in complex with the other two glycosidases.
At least two forms of the LMC can be purified from cells or tissue. The first sub-complex of about 680 kDa contains mainly cathepsin A and β-GAL activities and is devoid of NeU1 activity [6] . The second, much larger complex of about 1.3 MDa includes all measurable NeU1 activity but has low cathepsin A and β-GAL activities [7] . NeU1 remains catalytically active only when associated with PPCA and β-GAL in this large complex. Association of NeU1 and β-GAL with the precursor form of PPCA in an early biosynthetic compartment assures the regulated trafficking of the two glycosidases to the lysosome, as well as their intralysosomal activation and stable conformation [6, 8] .
Mammalian PPCA is a member of the serine protease family of enzymes and in this capacity exerts carboxypeptidase, deamidase and esterase activity on selected bioactive peptides, including angiotensin I, substance P, oxytocin, and endothelin I [9] [10] [11] [12] . Its one-chain precursor is a zymogen that is cleaved at acidic pH into a two-chain mature and fully active enzyme [4, 7] . The 3D structure of the PPCA zymogen revealed an unusual mechanism of enzyme activation: a two-step proteolysis and removal of an internal excision peptide converts the 54-kDa one-chain precursor into a 32/20-kDa two-chain form, held together by disulfide bridges, thereby uncovering the catalytic pocket already poised for catalysis [13, 14] .
Maturation of the β-GAL 86-kDa precursor requires proteolytic processing at its carboxy terminus, releasing a 20-kDa peptide that remains attached to the mature enzyme [6] . In contrast, the 46-kDa NeU1 polypeptide is apparently not proteolytically processed, but only modified at its glycan site en route to the lysosome. The catalytic activation of NeU1 depends on its oligomerization, a process that is mediated by PPCA [7, 15] . early in biosynthesis PPCA binds to NeU1 to form a heterodimeric complex that prevents the premature oligomerization of the latter enzyme [15] . In complex with PPCA, NeU1 is then transported to the lysosomal compartment via the mannose-6-phospate receptor pathway. Once in lysosomes, PPCA promotes the oligomerization and catalytic activation of NeU1 [7] . Similarly, β-GAL is also routed to the lysosomes in complex with PPCA [6] . In lysosomes, the stable assembly of the three-enzyme complex takes place. Interestingly, the catalytic activity of PPCA does not appear to be necessary for the activation of NeU1 or β-GAL [16] . However, in the absence of PPCA the LMC fails to form [7, 8] . These findings unequivocally defined PPCA as a molecular chaperone for the subcellular localization and activation of NeU1 and β-GAL [7, 8] .
Aside from their known degradative capacity, the extent of which is not yet fully understood, recent studies have uncovered additional, new functions of these enzymes in complex or alone, as well as of the substrates they target.
Lysosomal disorders due to deficiency of enzymes within the LMC
The enzymes in the LMC are ubiquitously but differentially expressed in tissues and cells. Their individual expression pattern does not always concur, which hints at their independent roles in metabolic/catabolic pathways even outside the LMC. Their lack of redundancy is exemplified by the occurrence of three distinct lysosomal storage disorders (LSDs): galactosialidosis (GS) or PPCA deficiency with a secondary combined deficiency of NeU1 and β-GAL (OMIM #256540) [17] , sialidosis or NeU1 deficiency (OMIM #256550) [18] , and GM1-gangliosidosis (GM1) or β-GAL deficiency (OMIM #230500, #23060, #230600) [19, 20] . each disease is inherited as an autosomal recessive trait and is characterized by a broad spectrum of clinical phenotypes, ranging from early infantile severe forms to late infantile, juvenile/adult cases mostly associated with equally dismal prognosis. All three diseases are systemic, involving visceral organs, bone, cartilage, muscle, and invariably the nervous system. Clinical manifestations often correlate with the type of mutation, level of residual enzyme activity, and extent and type of accumulated substrates [20, 21] .
Galactosialidosis, sialidosis GS and sialidosis belong to the glycoproteinosis subgroup of LSDs [17, 18, 22] . Patients with GS develop clinical manifestations characteristic of these disorders and are usually classified in three clinical forms that are distinguished by the age of onset of the symptoms and the extent and type of phenotypic abnormalities. The early infantile form of GS is associated with hydrops foetalis, inguinal hernia, coarse face, macular cherry-red spot, dysostosis multiplex, enlargement of the spleen, liver, and occasionally the heart, kidney involvement, and early death. Short statures, dysostosis multiplex, heart valve problems, hepatosplenomegaly, coarse facial features, and minor or absent neurological signs characterize the late infantile types [17] . Most reported patients have the juvenile/adult form of the disease and are mainly of Japanese origin. Symptoms include ataxia, myoclonus, angiokeratomas, seizures, progressive cognitive disability, neurologic deterioration, absence of visceromegaly, and long survival [17] .
The absence of functional PPCA leads to a near-complete secondary deficiency of NeU1, which explains why GS and sialidosis patients have similar multisystemic disease features. In contrast to NeU1, β-GAL is only partially affected in GS patients, offering an explanation for the limited overlap in clinical characteristics between GS and GM1 diseases (see below) [17] . Patients with sialidosis are usually classified in two main subtypes [18] . Type I (normomorphic) sialidosis is also referred to as cherry-red spot myoclonus syndrome and is the less severe form of the disease. Symptoms include gait disturbance, progressively reduced visual capacity, tremor, ataxia, seizures, and no neurological signs. Type II (dysmorphic) patients instead have a very severe disease and are further divided into congenital and infantile/juvenile forms. Congenital sialidosis is a fulminant condition that develops before birth; the patients are stillborn or die soon after birth [18] . Signs and symptoms of infantile/juvenile sialidosis resemble those diagnosed in the severe forms of GS and include cherryred spots and myoclonus, coarse facies, hepatosplenomegaly, dysostosis multiplex, vertebral deformities, and severe mental retardation [17, 18] .
The biochemical hallmark of both GS and sialidosis is the progressive accumulation of sialylated glycoproteins/ glycopeptides and oligosaccharides in lysosomes of many cell types, as well as excretion of sialyloligosaccharides in body fluids, hence the classification of these diseases as glycoproteinoses [17, 18] .
Mouse models of GS and sialidosis
Mice homozygous for null mutations at the Ppca and Neu1 loci develop phenotypes closely resembling patients with the severe, early onset forms of the corresponding diseases [23, 24] . Ppca −/− mice maintain the biochemical features, which are diagnostic of GS, namely severe secondary deficiency of Neu1 associated with sialyloligosacchariduria [24] . However, β-Gal activity is only marginally affected in the mouse model and only in certain tissues, indicating less dependency of the murine enzyme on a functional Ppca. The widespread pathologic manifestations of Ppca −/− mice also resemble those in patients with early onset GS and are at least in part similar to the ones found in Neu1 −/− mice [23, 24] ; common symptoms include progressive nephropathy, time-dependent splenomegaly, heart involvement, and shortened lifespan, although Ppca −/− mice generally live longer (≤9-10 months) than the Neu1 −/− mice (≤5-6 months) [23, 24] . However, unique to the Ppca −/− mice is the occurrence early in life of a severe and progressive ataxia that is associated with gradual and regional loss of cerebellar Purkinje cells [24, 25] . It is noteworthy that Ppca mRNA expression is markedly variable among murine tissues and that expression levels do not always correlate with the extent of lysosomal storage, particularly in the brain [25] . Thus, loss of Purkinje cells in Ppca −/− mice may reflect a requirement for the catalytic rather that the protective function of PPCA and/or the presence of cell-specific substrates for both Neu1 and Ppca in these neuronal cell types. Although no specific neuronal targets for Ppca have been identified as yet that may explain the loss of Purkinje cells, as discussed above, substrates for this enzyme have been identified in other human cells and tissues. PPCA from platelets [26] , endothelial cells [10] , or heart [12] has esterase and deamidase activities toward several bioactive peptides that regulate blood circulation and blood pressure. Therefore, cardiomyopathy and arterial hypertension, conditions that are quite common in patients with GS [17] , could result from the loss of PPCA catalytic activity rather than that of NeU1 and/or β-GAL. A cardiovascular role of Ppca was confirmed in a knockin mouse model that introduced an amino acid substitution abrogating the cathepsin A activity of PPCA but not the formation of the LMC, nor the activities of the other associated enzymes [27] . However, in these mice, defective cathepsin A activity was insufficient to induce the loss of Purkinje cells seen in the Ppca knockout mice [23, 27] . This indicates that the dual lack of cathepsin A and Neu1 activities may indeed be synergistic to the loss of these neurons. Neu1 −/− mice develop a multisystemic, severe phenotype closely resembling that of patients with type-II sialidosis [23] . Homozygous-null mice have reduced or undetectable Neu1 activity in most tissues compared to that of wild-type littermates and extensive oligosacchariduria; low levels of residual enzyme activity in some of the tissues likely results from the expression of other mammalian sialidases, NeU2, NeU3, and NeU4 [28] [29] [30] [31] . Heterozygous Neu1 −/− mice show intermediate levels of enzyme activity but are phenotypically normal. Shortly after birth, mutant mice exhibit severe nephropathy, splenomegaly, kyphosis, and progressive edema of the subcutaneous tissues, limbs, penis, forehead, and eyelids. Phenotypic abnormalities that appear specific for the sialidosis rather than GS mouse model include progressive deformity of the spine, agedependent splenic extramedullary hematopoiesis (eMH), and lack of early degeneration of cerebellar Purkinje cells [23] . At the end of their lifespan, Neu1 −/− mice appear weak, lethargic, and debilitated; they suffer from dyspnea, loss of weight, enlarged kidneys, gait abnormalities, and tremor [23] .
The differences and similarities identified in these two mouse models should help to better understand the pathophysiology of GS and sialidosis in children, which could in principle translate to more tailored therapy and more focused clinical care for these diseases.
GM1-Gangliosidosis
GM1 is a bona fide glycosphingolipid storage disease, characterized by generalized CNS involvement with mental and motor decline, progressive neurodegeneration, and early death [19] . This condition is usually classified into three major types based on the age of onset of the first symptoms, but in fact given the overlapping of clinical features, GM1 presents with a continuum of the disease spectrum. Type I or infantile GM1 is the most severe form. Patients show signs and symptoms of the disease at ~6 months of age, which begin with muscle weakness and an exaggerated startle response. As the disease progresses, they develop hepatosplenomegaly, dysmorphism, generalized skeletal dysplasia, and corneal clouding with macular cherry-red spots. Most patients die within the first 2 years of life [19] . The late infantile/juvenile form of GM1, also known as type II, has an onset of symptoms between 18 months (late infantile form) to 5 years (juvenile form). Type II patients experience developmental regression and shortened lifespan, but no cherry-red spots, facial abnormalities, or enlarged organs. The third type of GM1 is known as the adult or chronic form, and it represents the mildest end of the disease spectrum. The characteristic features of this type include dystonia and abnormalities of the vertebrae. Life expectancy varies [19] .
The primary biochemical and pathologic hallmarks of GM1 are the accumulation of G M1 in the brain and spinal cord, and the formation of membranous cytoplasmic bodies in neurons [32] .
Mouse model of GM1
The mouse model of GM1 (β-Gal −/− mice) closely resembles the early onset, severe form of the disease [32] . These mice develop a profound CNS condition characterized by tremors, ataxia, and abnormal gait that culminate with paralysis of the hind limbs. In contrast to the sialidosis and GS mouse models, β-Gal −/− mice have only marginal systemic involvement, but display massive and progressive accumulation of G M1 throughout the brain and the spinal cord, which is associated with the gradual loss of motor functions and widespread CNS inflammation [32, 33] . These features are also characteristic of the human disease [19] .
The mouse models of GS, GM1, and sialidosis have led to the discovery of unexpected functions of the respective enzymes and their substrates in normal cell physiology.
They have also proven extremely useful for studying molecular mechanisms of disease pathogenesis and for the implementation of various therapeutic modalities, including gene therapy [24, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . The success of the preclinical studies in the GS mice has set the basis for a future clinical trial for this disease.
The LMC and its components in tissue and cell homeostasis
PPCA regulates chaperone-mediated autophagy A serendipitous finding gave the first indication of an in vivo physiological role of the cathepsin A activity of PPCA. The enzyme was found to co-purify with the lysosome-associated membrane protein 2a (LAMP2a) from lysosomal preparations of rat liver [44] . LAMP2a is one of three isoforms of LAMP2 that are generated through alternative splicing of its mRNA. They are highly homologous, differing only in the composition of their transmembrane domain and short carboxy-terminal cytoplasmic tail; their heavily glycosylated, luminal domains are identical [45] . Deletion of the Lamp2 gene impairs macroautophagy and results in the accumulation of autophagic vacuoles in most tissues [46] . The LAMP2a is the only isoform that serves as a receptor for chaperone-mediated autophagy (CMA) [47] . CMA is activated in response to cellular stress (e.g., nutrient deprivation and exposure to toxins) and promotes lysosomal internalization and degradation of cytosolic protein substrates [48] . These substrates are equipped with a targeting motif that is recognized by the cytosolic heat shock protein Hsp70 [49] , which in turn binds to the short cytosolic tail of LAMP2a. This binding causes the substrate to unfold and translocate across the lysosomal membrane (LM), and eventually be released into the lysosomal matrix and degraded [47, 49] . CMA is activated when the turnover rate of LAMP2a decreases, indicating that LAMP2a regulates this process at the LM [47, 50] . Human and mouse GS fibroblasts showed increased levels of CMA, regardless of nutritional status. Thus, even under normal nutritional conditions, Ppca-deficient cells are actively undergoing CMA [44] . In addition, the rate of LAMP2a degradation decreased in Ppca-deficient cells, indicating that under nonstress conditions PPCA prevents the activation of CMA by targeting LAMP2a for degradation [44] . It is still unclear, however, whether this function of PPCA catalytic activity requires its interaction with NeU1 and β-GAL.
NeU1 is a negative regulator of lysosomal exocytosis
Lysosomal exocytosis is a Ca 2+ -regulated physiological process that entails the active recruitment of a specific 1 3 pool of lysosomes by the cytoskeletal network, followed by their docking at the PM and finally their fusion with the PM, which results in the release of their luminal contents into the extracellular space [51] [52] [53] [54] . This tightly regulated process that is present in virtually all cell types plays a fundamental role in both physiologic and pathologic processes including the repair and replenishment of damaged PM, the removal of pathogenic bacteria, the release of human immunodeficiency virus from infected cells, and the remodeling of the extracellular matrix (eCM). Several gene defects have been associated with impaired exocytosis of the so-called secretory lysosomes in cytotoxic T lymphocytes, platelets, and melanocytes [55] . Characterization of these genetic defects has enabled the identification of proteins, which are required for the movement of lysosomes along the microtubule network and for their fusion with the PM [51, 53] .
with the purpose of unraveling the causes of the eMH phenotype in Neu1 −/− mice, we discovered a new role of NeU1 as a negative regulator of lysosomal exocytosis [54] . The previously unknown substrate of Neu1 that affects a specific step in this process is the lysosome-associated membrane protein 1 or LAMP1. This common marker of the lysosomal compartment has a heavily glycosylated and sialylated N-terminal luminal portion, a transmembrane domain, and a 12-amino-acid cytoplasmic tail. LAMP1 plays a pivotal role in the docking of lysosomes at the PM, although the underlying molecular mechanism is still not fully elucidated [54, 56] . In the absence of NeU1 catalytic activity, impaired removal of the sialic acids from LAMP1 changes the turnover rate of this protein and in turn increases the number of lysosomes poised to dock at the PM ready to fuse with the PM and engage in lysosomal exocytosis upon Ca 2+ influx (Fig. 1) [54] . Thus, NeU1, by controlling the sialic acid content of LAMP1, negatively regulates lysosomal exocytosis in multiple tissues and cell types [54, 57, 58 ]. This conclusion is further supported by the observation that silencing LAMP1 expression in NeU1-deficient cells normalizes the number of lysosomes docked at the PM, which correlates with decreased levels of lysosomal exocytosis.
These findings strongly support a role for LAMP1 in the process of anchoring a selected pool of lysosomes to the cytoskeleton and in the migration of these lysosomes to the periphery of the cell [54] . It is tempting to speculate that in all cells, secretory and non-secretory alike, pools of lysosomes exist that vary in their sialic acid profile of LAMP1 and that this in turn is dictated by the level of NeU1 activity in these pools of lysosomes. By this distinction, secretory lysosomes would have low NeU1 activity and in turn hypersialylated LAMP1, which would prime them to be selected for exocytosis. It has long been known that NeU1 activity may be regulated by modulating the composition of the LMC, because the enzyme is exclusively stable and catalytically active when it is in complex with PPCA [7] . Thus, dissociation of NeU1 from PPCA would be an immediate way to reduce the level of NeU1 activity in distinct pools of lysosomes, which consequentially would become poised for lysosomal exocytosis. Given the high degree of similarity between the luminal portions of LAMP1 and LAMP2, and the role that PPCA plays in CMA by binding and targeting the latter protein, we hypothesize that PPCA may also be required for binding to LAMP1, thereby giving NeU1 the opportunity to desialylate this protein.
NeU1 deficiency and excessive lysosomal exocytosis drive the pathogenesis of sialidosis Studying the molecular bases of pathogenesis in the sialidosis mouse model, we found that the uncontrolled release [54] . PM plasma membrane of lysosomal luminal content from Neu1 −/− cells of different tissues and organs is responsible for at least four disease phenotypes [54, 57, 58, 100] . However, this may constitute only the tip of the iceberg because other disease symptoms present with features that could be explained by deregulated lysosomal exocytosis.
In the bone niche, excessive exocytic release of active lysosomal hydrolases, including neutrophil elastase and cathepsin G, causes premature processing and degradation of vascular cell adhesion molecule 1 (vCAM1) on the surface of stromal cells, leading to impaired retention of hematopoietic progenitor cells in the bone niche, early onset eMH, and failure to engraft donor bone marrow (BM) (Fig. 2) [54] . It is likely that hepato-splenomegaly, a prominent pathologic manifestation in children with the severe form of sialidosis, is due to eMH caused by excessive lysosomal exocytosis and abnormal degradation of vCAM1.
As is the case for sialidosis patients, Neu1-null mice display profound hearing loss involving both conductive and sensorineural components [58] . Similarly to what is seen in the BM, morphologic changes in the cochleae of Neu1-null mice are associated with oversialylation of Lamp1. The increased expression and apical localization of Lamp1 in marginal cells of the stria vascularis were indicative of exacerbation of lysosomal exocytosis into the endolymph. This provokes, a reduction in the endolymphatic potential, which likely contributes to loss of hearing [58] .
Severe neuromuscular defects have been documented in patients with type II sialidosis, although the cause of this phenotype has remained unknown [18] . However, a comprehensive analysis of the skeletal muscle abnormalities in Neu1-null mice has provided supportive evidence that this disease phenotype could be the result of excessive lysosomal exocytosis [57] . Dramatic expansion of connective tissue in the epimysium and perimysium spaces appeared to be associated with the proliferation and infiltration of fibroblast-like cells [57] . Fibroblasts isolated from Neu1-null skeletal muscle have increased levels of lysosomal exocytosis and in turn enhanced proliferation and migration. Muscle fibers adjacent to the expanded connective tissue become infiltrated by connective tissue fibroblasts, which results in their progressive cytosolic fragmentation and degeneration without the apparent occurrence of necrosis or inflammation. The infiltrated spaces within individual muscle fibers are strongly positive for lysosomal markers and proteases, such as LAMP1, cathepsin B, and metalloproteinases, which might facilitate the aberrant infiltration of muscle fibers [57] .
In a recently published report, we provide experimental evidence of the link between Neu1 deficiency-exacerbated lysosomal exocytosis and the spontaneous occurrence of an Alzheimer's disease (AD)-like amyloidogenic process in the hippocampal region of the Neu1-null mice [100] . This phenotype is associated with the accumulation and amyloidogenic processing of an oversialylated amyloid precursor protein (APP) in lysosomes, followed by the extracellular release of toxic Aβ peptides by excessive lysosomal exocytosis [100] . These findings are relevant because they uncover a new pathway for the secretion of Aβ and identify NeU1 as a potential therapeutic target for AD [100] .
Role of NeU1/eBP/PPCA complex in elastogenesis Besides the LMC containing PPCA, NeU1, and β-GAL, another related enzyme complex, named the cell surface elastin receptor or CSeR, has been identified at the PM of a variety of human cells. This complex plays an essential role in the process of elastogenesis and has three major constituents: PPCA, NeU1, and elastin-binding protein (eBP) [59] . The latter protein belongs to a family of S-type, Ca 2+ -independent, β-galactoside-specific lectins [60] . eBP is the product of alternative splicing of the β-GAL pre-mRNA that results in the deletion of two non-contiguous protein-encoding exons and in the shifting of the reading frame of the intermediate exon [61] . eBP shares most of its amino acid sequence with the β-GAL enzyme but is catalytically inactive and does not localize to lysosomes [61] . In addition, this protein includes a unique 32-amino-acid motif with high affinity for the vGvAPG hydrophobic domain of elastin [62] . eBP functions as a chaperone for tropoelastin, protecting it from premature self-aggregation and degradation by elastases, and thereby facilitates the extracellular deposition of elastic fibers onto the microfibrillar scaffold. In fact, eBP was shown to colocalize with tropoelastin both intracellularly and at the cell surface, suggesting that the two proteins already associate in an early biosynthetic compartment and as such are routed to the cell surface [63] .
The process of elastin fiber deposition appears to require the concerted action of both eBP and NeU1, since both proteins are present at the PM of aortic smooth muscle cells (ASMC) and treatment with sialidase inhibitors represses the assembly of elastic fibers in both cultured cells and in chick embryos [63] . In contrast, addition of an exogenous sialidase to ASMC cultures results in the hydrolysis of terminal sialic acid residues from the microfibrillar scaffold and matrix glycoconjugates, thereby exposing galactosugars for which eBP has high affinity. Binding of terminally exposed galactose to the galectin site of eBP promotes its dissociation from tropoelastin, and subsequent assembly into elastic fibers. Most relevantly, fibroblasts from both sialidosis and GS patients have impaired elastogenesis [63] . In addition, it was recently reported that a 41-year-old patient with the late infantile form of GS developed emphysema, a condition that is linked to a defect in primary elastic fiber assembly [64] . These authors suggest that surviving patients with GS should routinely be checked for their pulmonary function.
Curiously, the splicing mechanism that gives rise to the EBP transcript is not conserved in the mouse β-gal gene, and a murine eBP-homolog is yet to be identified. However, in mice Neu1 was shown to be involved in elastic fiber formation because Neu1-deficient mice have a tight-skin phenotype similar to that of homozygous tight-skin (Tsk) mice [65] , indicative of defective deposition of elastic fibers. In addition, the lungs of Neu1-deficient mice have an emphysematous appearance. Concomitantly, fibulin-5, an extracellular basement membrane protein required for the polymerization of elastin, and fibrillin-2, an eCM protein involved in elastic fiber assembly, are present in reduced amounts, and their localization is diffuse and disorganized in Neu1-null lungs [65] . elastin lamellae appear thinner and straighter than in wild-type tissue and are separated by large spaces abnormally filled with sialic acid-containing material. These findings suggest that also in mouse tissues Neu1 activity is essential for the correct deposition and assembly of elastic fibers.
It is currently unknown how the NeU1 is transported to the cell surface. It could be routed directly via the biosynthetic pathway to the PM in complex with PPCA and eBP, or could originate from the LMC. Because neither PPCA nor NeU1 is an integral membrane protein, their membrane association would require at least one or more as yet unidentified membrane-associated partners. It is conceivable that in cells that deposit elastic fibers, e.g., fibroblasts, an LM-associated complex of PPCA and NeU1 is relocated to the cell surface via exocytic fusion of the LM with the PM. If this would be the case, this protein complex would need to recruit eBP/tropoelastin to initiate the process of elastin deposition and assembly.
NeU1 at the cell surface modulates cell proliferation
The glycocalix of epithelia as well as the cell surface of virtually all cell types is abundantly decorated with sialoglycoproteins and sialoglycolipids. Sialoglycoproteins are in general poor substrates for the plasma membrane sialidase NeU3, which instead is mostly active toward sialoglycolipids [66] . Thus, desialylation of cell surface glycoproteins, including mitogenic receptors, is now considered a task of NeU1, acting at the PM. Several recent studies have shown that removal of sialic acids from cell surface receptors can influence cell proliferation by controlling the activation of downstream signaling pathways [59, 67] . For example, ASMCs treated with a sialidase inhibitor or an antibody that blocks NeU1 activity have increased proliferative capacity in the presence of fetal bovine serum, while addition of Clostridium perfringens sialidase reverts this phenotype [59] . Having established that NeU1 participates with eBP in the proper formation of elastin, which in turn can sequester mitogenic growth factors, the same authors went on to demonstrate the indirect involvement of NeU1 in cell proliferation via desialylation of growth factor receptors. Indeed, treatment of ASMCs with an exogenous sialidase was shown to abolish the mitogenic responses to growth factors, such as PDGF-BB and IGF-2, through removal of the sialic acids from their respective cognate receptors PDGF-R and IGF-1R [59] . Similarly, in rat skeletal L6 myoblasts, alterations of the sialic acid content of the insulin receptor (IR) by mouse-derived Neu1 or C. perfringens sialidase were shown to modulate the proliferative capacity of these cells in response to insulin signaling [67, 68] . In this respect, a compelling observation was that ASMCs exposed to therapeutic concentrations of insulin have de novo formation of elastic fibers, independently of their rate of proliferation. These results were confirmed in fibroblasts from patients with sialidosis, which appear to proliferate faster, respond more strongly to recombinant growth factors than normal fibroblasts, and have impaired insulin-induced phosphorylation of downstream signaling proteins [59, 68] . The latter observation suggests an interesting link between NeU1/eBP-dependent elastogenesis and vascular pathologies associated with diabetes, many of which are linked to elastic fiber disease [69] .
Collectively, these findings support the notion that downregulation or lack of NeU1, likely in complex with PPCA at the cell surface, promotes cell proliferation and regulates mitogenic signaling pathways similarly to what has been observed with fibroblasts isolated from Neu1-deficient skeletal muscle [57] .
Role of NeU1 in the immune response
Removal of sialic acids from glycoconjugates at the cell surface of immune cells has been implicated in numerous processes during development of both innate and adaptive immune responses. These range from regulated differentiation of monocytes into macrophages or dendritic cells [70, 71] to bacterial lipopolysaccharide (LPS)-induced production of cytokines in differentiated dendritic cells and peripheral blood mononuclear cells (PBMCs) [71, 72] . During monocyte differentiation into dendritic cells, both NeU1 and NeU3 were found to be upregulated, but it is NeU3 in this case that controls cytokine production [71] . However, differentiation of monocytes into macrophages requires NeU1 activity; the enzyme is mobilized at the cell surface together with PPCA, but both proteins are first targeted to lysosomes and then sorted in a LAMP1-, MHC class II-positive compartment to the PM [70] . Activation of T lymphocytes by exposure to anti-CD-3 or anti-CD-28 IgG also induces an increase in NeU1 mRNA and protein levels, and the enzyme is again found at the PM in tight association with PPCA. In addition, inhibition of sialidase activity results in reduced expression of IFN-gamma in activated T lymphocytes, indicating that NeU1, likely in complex with PPCA, contributes to hyposialylation of cell surface receptors and in turn activation of T lymphocytes [73] .
Similarly, pretreatment of PBMCs with an exogenous sialidase increases their cytokine response to LPS through a mechanism that involves activation of the TLR4, CD14, and MD2, three components of the LPS receptor complex [72] . Overexpression of NeU1 increases TLR4-mediated NF-kB activation in response to LPS, while inhibition of NeU1 suppresses its activation. These authors conclude that sialic acids on TLR4 modulate the LPS response by facilitating clustering of the homodimers. The activity of NeU1 mobilized at the cell surface during cell activation seems to play a role in this process. In fact, in another study NeU1 was shown to form a complex with TLR-2, -3, and -4 receptors on the cell-surface of naïve and activated macrophages [74, 75] . Because of their high number of N-glycosylation sites, the inner concave surface of these TLRs, predicted to be involved in ligand binding, is masked by glycans, and ligand binding activates NeU1 by a yet unknown mechanism. These authors hypothesize that NeU1 hydrolyzes α-2,3 sialyl residues, sialic acid residues of TLRs, which in turn unmasks its ectodomain and allows TLR dimerization and activation [75] . Subsequently, TLR dimerization and activation mediate MyD88/TLR4 complex formation and activation of the transcription factor NF-κB, as seen in macrophages treated with the endotoxin LPS. LPS binding to TLR4 apparently induces the interaction of NeU1 with metalloproteinase-9 (MMP9), which in turn stimulates downstream guanine protein-coupled receptor (GPCR) signaling [76] . This NeU1-MMP9 complex was shown to bind to TLR4 on the cell surface of naïve macrophages, but the inhibition of MMP9 and GPCR Gα isignaling proteins blocked LPS-induced NeU1 activity and downstream NF-κB activation.
Lillehoj et al. [77] recently demonstrated that in human primary small airway epithelial cells NeU1 associates with epidermal growth factor receptor (eGFR) and MUC1, which appear to be natural substrates of the enzyme. Depletion of NeU1 increases eGF-stimulated eGFR Tyr-1068 autophosphorylation and activation, and decreases MUC1-mediated Pseudomonas aeruginosa adhesion and flagellinstimulated eRK1/2 activation. In contrast, overexpression of NeU1 reduces eGFR activation and increases MUC1-dependent bacterial adhesion and signaling. Thus, human airway epithelia express NeU1 at the cell surface; at this site, the enzyme regulates eGFR-and MUC1-dependent signaling and bacterial adhesion, therefore providing an extra tier of regulation for the airway epithelia in response to harmful stimuli.
Loss of NeU1 promotes invasion and metastasis of cancer cells
It is known that cancer cells not only undergo dramatic changes in their gene expression profiles, but also in the level of glycosylation and particularly sialylation of their cell surface glycoproteins and lipids [78, 79] . Such changes in sialic acid content could result from either altered expression of sialyltransferases [80] or modulation of the expression levels and activity of NeU1 and other mammalian sialidases. It has already been demonstrated that an increase in the sialylation of cell surface glycoconjugates correlates with malignant transformation and with an increase in metastatic potential and invasiveness.
Notably, the expression of NeU1 was found to be downregulated in highly metastatic colon adenocarcinoma cells compared to that in tumor cells with low metastatic potential [81] . On the other hand, overexpression of NeU1 in human colon adenocarcinoma HT-29 cells leads to the suppression of cell migration and invasion, while knockdown of NeU1 has the opposite effect [82] . Mice that were transsplenically injected with NeU1-overexpressing HT-29 cells showed less liver metastasis in vivo than mice injected with the parental HT-29 cells [82] . In these carcinoma cells, NeU1 overexpression results in hyposialylation and decreased phosphorylation of β4-integrin, and attenuation of the focal adhesion kinase and eRK1/2 pathways. In addition, matrix metalloproteinases, which are induced in cancer cells with high metastatic potential, were found to be profoundly downregulated. In contrast to what was observed for NeU1, NeU3 expression is 3-to 100-fold higher in colon carcinomas than in other cancer cell lines, which leads to increased levels of anti-apoptotic Bcl-X L and decreased amounts of proapoptotic caspase-3 [83] . Together these results indicate that NeU1 and NeU3 both have the intrinsic capacity to modulate the invasion and metastatic potential of carcinoma cells; however, the two enzymes seem to target different substrates and signaling pathways, resulting in opposite downstream effects.
β-Gal deficiency and neuronal apoptosis
It is now well documented that the build up of G M1 in the brain of β-Gal −/− mice triggers the activation of molecular effectors that lead to neuronal cell death, the process responsible for the progressive neurodegeneration characteristic of this mouse model as well as of patients affected by the disease. The brain and spinal cord of β-Gal −/− mice undergo profound morphological changes associated with lysosomal distension and accumulation of G M1 as the disease progresses [32] . At the histopathological level, neurons appear filled with distended vacuoles, containing membranous material and remnants of the eR and ribosomes (Fig. 3) [32] . In addition, an increased number of apoptotic cells was detected throughout the central nervous system as early as at 1 month of age [84] , but their distribution pattern was random rather than involving specific neuronal nuclei. These features were indicative of activation of an eR stress response or unfolded protein response (UPR). This process, which cells use primarily to survive under disparate stress conditions, entails a cascade of molecular events that are set to ensure and maintain the homeostasis of the eR. Although the UPR has traditionally been associated with stress conditions because of the accumulation of unfolded or misfolded proteins, it is becoming increasingly apparent that it can be engaged by other stimuli. Under eR stress, activation of the UPR reduces the accumulation of unfolded proteins by promoting the expansion of Adapted from a study originally published in Molecular Cell [84] the eR membrane, the upregulation of eR-resident chaperones and folding catalysts, such as BiP, and inhibiting protein synthesis [85] [86] [87] . However, prolonged eR stress can cause irreversible damage, triggering an apoptotic program that includes the induction of the transcription factor CHOP [85] , activation of c-Jun N-terminal kinases (JNK) [88] , and cleavage of the eR-specific cysteine protease caspase-12 [89] .
In β-Gal −/− brain and spinal cord, upregulation and activation of the UPR molecular effectors responsible for cell survival (e.g., BiP) are accompanied by increased levels of the transcription factor ATF6, the proapoptotic mediator CHOP, and the phosphorylated form of the kinase JNK2, as well as by proteolytic activation of caspase-12 [84] . The combined induction of these effectors culminates in neuronal apoptosis and can be fully recapitulated in primary mouse embryonic fibroblasts (MeFs) or neurospheres isolated from β-Gal −/− mice, and in wild-type MeFs and neurospheres exogenously loaded with G M1 . Also in these cultures apoptosis is preceded by the activation of the aforementioned UPR effectors at both the mRNA and protein levels. Most notably, activation of the UPR was found to be directly downstream of G M1 accumulation at the eR membrane that subsequently provokes depletion of the eR Ca 2+ stores. In line with these findings is the observation that UPRmediated apoptosis does not occur in mice deficient for both β-Gal and β-4-N-acetylgalactosaminyltransferase (β-Gal −/− /GalNAcT −/− ) that have both defective synthesis and degradation of G M1 and do not accumulate this ganglioside [84] .
The finding that G M1 accumulation at the eR membrane triggers the release of Ca 2+ from the eR led to the hypothesis that the latter event could directly influence the concentration of Ca 2+ in the mitochondria and engage these organelles in the apoptotic process. eR and mitochondrial membranes juxtapose at specific contact sites, known as the mitochondria-associated eR membranes or MAMs. These microdomains represent highly dynamic signaling and metabolic platforms that are implicated in fundamental cellular processes, such as lipid biosynthesis and transport, energy metabolism, Ca 2+ signaling and buffering, cell survival, and apoptosis [90] [91] [92] [93] . A plethora of specific eR and mitochondrial proteins colocalize at the MAMs. These include the inositol trisphosphate receptor (IP3R) at the eR face of the MAMs, the molecular chaperone glucose-regulated-protein 75 (grp75), which bridges the IP3R-1 with voltage-dependent anion channel 1 (vDAC1) at the outer mitochondrial membrane, Sigma-1 receptor, calreticulin, mitofusin 2, and phosphofurin acidic cluster sorting protein 2 [94] [95] [96] [97] . Due to the intrinsic ability of G M1 to bind Ca 2+ [98, 99] , we hypothesized that, if this ganglioside were present in these specialized microdomains, it could influence the Ca 2+ conductance and buffer capacity of the MAMs. Ultrastructural analyses of crude β-Gal −/− mitochondrial preparations revealed numerous juxtaposed eR vesicles, which were indicative of increased contact sites between eR and mitochondrial membranes. In addition, MAMs purified from β-gal −/− brains showed increased levels of G M1 that were even higher in the glycosphingolipid-enriched microdomains (GeMs) extracted from the β-gal
MAMs. This implied that G M1 preferentially segregates in these sub-microdomains [93] , an idea that was supported by the detection of small amounts of this ganglioside also in β-gal +/+ GeMs. These studies also identified the GeMs as structural components of the MAMs that function as specialized subdomains for Ca 2+ transfer from the eR to the mitochondria and hence are strongly influenced by G M1 levels. The abnormal accumulation of this ganglioside in the GeMs is accompanied by increased levels of IP3R-1, vDAC1, and GRP75, which potentiate the activity of the Ca 2+ megachannel composed by these proteins. Furthermore, G M1 was shown to physically interact with the phosphorylated and active form of IP3R-1 (P-IP3R1), a phenomenon that can drastically affect the properties and topology of the receptor and alter the dynamics of the lipid microenvironment, favoring the segregation/clustering of an active IP3R-1 along with vDAC1 and GRP75. The net result of these events is an increase of Ca 2+ into the mitochondrial matrix, which ultimately has an impact on the bioenergetic activities of the organelle and activates the mitochondrial leg of the intrinsic apoptotic pathway (Fig. 4) [93] . Signs of mitochondrial dysfunction include mitochondria depolarization, opening of the permeability transition pore (PTP), and mitochondrial membrane permeabilization, which together contribute to mitochondriamediated apoptosis downstream of G M1 accumulation in the GeMs [93] . This pathogenic cascade occurring in the mitochondria of β-Gal −/− neurons emphasizes the importance of the MAM/GeM microdomains in maintaining normal eR homeostasis and mitochondrial bioenergetic activity. In line with this conclusion is the observation that treatment of β-Gal −/− cells with methyl β-cyclodextrin, a circular oligosaccharide that efficiently extracts G M1 from the MAMs, rescues the opening of the PTP, dissipation of the potential, and apoptosis [93] .
Taken together, these studies demonstrate that β-gal deficiency and impaired degradation of G M1 trigger both UPR-and mitochondria-mediated apoptosis through the loss of cellular Ca 2+ homeostasis. The fact that these pathways are not altered in the brains of Ppca −/− or Neu1 −/− mice further supports the notion that downstream events associated with the primary enzyme deficiency and consequent substrate accumulation are controlled by different molecular effectors in these three LSDs.
Perspectives
In this review, we emphasized the concept that lysosomal enzymes, often considered housekeeping proteins, requiring little or no regulation, have in fact specific functions that go beyond their canonical degradative capacity and are involved in processes that greatly influence cellular homeostasis and/or the extracellular environment (Fig. 5) . The PPCA-containing LMC comprises multiple enzymes, including NeU1, β-GAL, and possibly GALNS. These enzymes may not all be part of the LMC at the same time, but rather the composition of the LMC may vary in different cell types or metabolic conditions and be dictated by the presence of specific substrates or certain physiological stimuli. At the PM, a similar enzyme/protein complex, CSeR, is formed in which β-GAL is replaced by its shorter, catalytically inactive isoform, eBP. This complex is essential for the formation and deposition of elastic fibers. Although NeU1 and β-GAL function in a multienzyme complex, their dependency on PPCA may vary. In addition, the deficiency of each of these enzymes impacts on very different aspects of cellular physiology, as evidenced by the multiple phenotypes characteristic of the respective LSDs. A better understanding of the disease pathogenesis and the various pathways that are affected because of the impairment of single or multiple enzymes will be crucial for the development of effective therapy. Therapeutic supply of the defective enzymes by enzyme replacement or gene therapy may be more effective when used in combination with drugs that target the affected cellular processes downstream of the enzyme deficiency, such as lysosomal exocytosis in sialidosis patients, or the synthesis of complex lipids in GM1 patients. 
